Diffusion through biological gels is crucial for effective drug delivery using nanoparticles. Here, we demonstrate a new method to measure diffusivity over a large range of length scales -from tens of nanometers to tens of micrometers -using photoactivatable fluorescent nanoparticle probes. We have applied this method to investigate the length-scale dependent mobility of nanoparticles in fibrin gels and in sputum from patients with cystic fibrosis (CF). Nanoparticles composed of poly(lactic-co-glycolic acid), with polyethylene glycol coatings to resist bioadhesion, were internally labeled with caged rhodamine to make the particles photoactivatable. We activated particles within a region of sample using brief, targeted exposure to UV light, uncaging the rhodamine and causing the particles in that region to become fluorescent. We imaged the subsequent spatiotemporal evolution in fluorescence intensity and observed the collective particle diffusion over tens of minutes and tens of micrometers. We also performed complementary multiple particle tracking experiments on the same particles, extending significantly the range over which particle motion and its heterogeneity can be observed. In fibrin gels, both methods showed an immobile fraction of particles and a mobile fraction that diffused over all measured length scales. In the CF sputum, particle diffusion was spatially heterogeneous and locally anisotropic but nevertheless typically led to unbounded transport extending tens of micrometers within tens of minutes. These findings provide insight into the mesoscale architecture of these gels and its role in setting their permeability on physiologically relevant length scales, pointing toward strategies for improving nanoparticle drug delivery.
Introduction
Nanoparticles hold considerable potential as vehicles for controlled release and targeted delivery of drugs [1] . To achieve therapeutic efficacy, drug-loaded nanoparticles often must diffuse through biological barriers [2] [3] [4] [5] [6] [7] [8] [9] . In some instances, the barrier is only a few micrometers thick, as in the case of tear film at the ocular surface [10, 11] . In other instances, nanoparticles must penetrate tens of micrometers or more through viscoelastic biological gels or tissue [2, 5, 9, 12] . Measurements of nanoparticle mobility in vitro at these physiologically relevant length scales are valuable for designing particles that exhibit favorable in vivo biodistribution [5] [6] [7] . Traditional techniques, such as diffusion chambers, are being replaced by fluorescence microscopy techniques that provide more accurate measurements without perturbing fluid balance or damaging delicate biological specimens, as reviewed elsewhere [3, 13] .
Here, we introduce a novel fluorescence microscopy strategy for measuring nanoparticle mobility in biological gels at multiple physiologically relevant length scales by employing biodegradable, adhesionresistant nanoparticles containing a photoactivatable ("caged") fluorescent dye. This functionality enables the photoactivation of particles in a selected region of a sample and subsequent characterization of their mobility as they spread over tens of micrometers. We call this technique PANDA, for photoactivatable nanoparticle diffusion assay. Extending this range, the motion of individual photoactivated particles can also be examined at high resolution -down to tens of nanometers -using multiple particle tracking (MPT). We have employed PANDA to provide new insight into nanoparticle permeation through biomedically important materials -including fibrin gels and cystic fibrosis (CF) patient sputum -whose adhesive components and mesh architecture pose barriers to drug delivery.
Our approach of using PANDA in conjunction with MPT has a number of advantages over existing fluorescence methods for measuring nanoparticle diffusivity. By itself, MPT is a powerful technique for analyzing many individual particle trajectories, and it has been adopted recently to measure nanomedicine transport in biological materials [14] . However, high-precision MPT requires microscope objectives with large numerical aperture and thus small depths of field [14] . Therefore, particles diffusing in three dimensions can typically be tracked for only several micrometers before diffusing out of focus [15, 16] . In heterogeneous materials, diffusivities measured at small length scales might not agree with those measured at larger scales [17, 18] , and this difference can have important implications in assessing the efficacy of drug delivery strategies. The PANDA method permits direct observation of percolation through biological gels over longer length and time scales but sacrifices spatiotemporal and singleparticle resolution. Hence, as we show, MPT and PANDA are complementary and together permit multiscale characterization of diffusion that provides insight into gel microstructure. PANDA also offers advantages over its inverse, fluorescence recovery after photobleaching (FRAP) [19] [20] [21] , which has been used in drug delivery research for more than two decades [22, 23] , including for studying nanoparticle diffusion in biological gels [24] [25] [26] . Photoactivation generally provides better contrast and signal-to-noise ratio, with signal from the activated fluorophores appearing against a black background [27] [28] [29] . Photoactivation can require lower laser dosage than FRAP [27, 29] , especially in cases of fluorescent nanoparticles, which are often difficult to bleach. Finally, the ability to pattern photoactivated regions with a laser affords PANDA greater control and precision compared to directly microinjecting particles and observing their spread [12] .
To date, fluorescence photoactivation has been employed primarily in cell biology [29] [30] [31] [32] , but one recent paper reported photoactivation experiments investigating molecular diffusion in cellulose-derived gels for microbicide delivery [18] . Our overarching goal here is to extend the application of fluorescence photoactivation and harness it for the study of nanoparticle diffusion through biological gels. One specific aim of this paper is to demonstrate that PANDA can quantify the fluorescent particles' spread over long distances and, importantly, that it is wellsuited to observe spatial heterogeneities in diffusion. A second, critical aim of our work is to extend our knowledge of microscale diffusion from MPT measurements into the mesoscale.
As a proof of principle, Section 3.2 presents a comparison of MPT and PANDA measurements on particles diffusing in water. Section 3.3 then describes the application of the methods to fibrin, a protein gel whose microstructure and selective permeability are closely linked to its function, since fibrin forms the scaffolding of blood clots and plays a critical role in hemostasis [33, 34] . In these measurements, both MPT and PANDA revealed mobile and immobile populations of particles in fibrin. Finally, in Section 3.4 we examine nanoparticle diffusion in sputum collected from CF patients [35, 36] . Secretions coating the airway epithelium pose a major barrier to inhaled nanomedicine for lung diseases such as CF, but particles that can rapidly diffuse through this biological gel may avoid mucociliary clearance and achieve improved distribution, retention, and efficacy in the lungs [36] [37] [38] . The airway-surface liquid layer can range from a few micrometers to tens of micrometers thick, depending on location in the lungs and the disease state [39] [40] [41] . Employing PANDA, we characterized particle diffusivity in sputum over distances relevant to drug delivery in the lungs, and furthermore, revealed heterogeneities in particle mobility that might be missed with techniques surveying motion over only one length scale.
Materials and methods

Materials
Cholalic acid sodium salt (CHA) and NVOC 2 -5-carboxy-Q-rhodamine-NHS ester (caged rhodamine-NHS ester) were purchased from Sigma-Aldrich (St. Louis, MO). Poly(lactide-co-glycolide(75:25)) amine endcap (PLGA-NH 2 ), M n 10-15 kDa was purchased from PolySciTech (West Lafayette, IN). Poly(lactide-co-glycolide(67:33))-polyethylene glycol diblock copolymer (PLGA-PEG; 45 kDa PLGA block and 5 kDa PEG block) was custom-synthesized by Jinan Daigang Biomaterial Co., Ltd. (Jinan, China). Human α-thrombin (activity 3059 NIH U/mg) and human fibrinogen (plasminogen depleted, activity 100%), both purified from human plasma, were purchased from Enzyme Research Laboratories (South Bend, IN; catalog numbers HT 1002a and FIB 1, respectively).
Nanoparticle formulation and characterization
Labeling of PLGA with caged rhodamine
Caged rhodamine-NHS ester and PLGA-NH 2 were conjugated through formation of an amide bond. (Conjugating the dye to polymer in this way, rather than encapsulating the dye in the particles, reduces the likelihood of free dye being released.) Briefly, 90 mg of PLGA-NH 2 was added to 5 mg of caged rhodamine-NHS ester, leading to a slight molar excess of dye compared to PLGA, 1.23:1, and put under vacuum for 1 h. The mixture was then flushed with nitrogen gas, dissolved in 500 μL of anhydrous dichloromethane (DCM), and reacted for 12 h at room temperature under nitrogen gas. Additional DCM was added as needed to facilitate transfer into 10 mL of −20°C diethyl ether to precipitate the product. The PLGA, now conjugated with the caged rhodamine, was washed twice in cold ether by centrifugation. Excess ether was decanted and the final product, the purified PLGA-caged rhodamine, was placed in a lyophilizer (FreeZone 4.5 Plus; Labconco) for 12 h. The dried product was stored at −20°C in a shielded container to prevent exposure to incident UV light. It is important to note that the amide bond is formed between the amine end-cap of the PLGA and the succinimidyl (NHS) ester on the rhodamine; that is, the dye itself and not the ortho-nitroveratryloxycarbonyl (NVOC) cage is directly conjugated to PLGA. Thus, when the photolytic reaction occurs upon exposure to UV light, only the caging group is cleaved, and free dye is not released [30, 42] .
PLGA-PEG particle formulation
Photoactivatable PLGA/PLGA-PEG nanoparticles were prepared using the emulsion solvent evaporation method [43] . Briefly, a 40 mg mixture (19:1 by mass) of PLGA45k-b-PEG5k and PLGA-caged rhodamine was dissolved in 400 μL of DCM, making a 100 mg/mL solution. This solution was injected into an ice-cooled vial containing 5 mL of 0.5% CHA aqueous solution, and sonicated at 30% amplitude for 2 min using a 130 W probe sonicator (Sonics & Materials, Newtown, CT) to form an oil-in-water emulsion of the organic phase (polymer and DCM) in the aqueous phase, stabilized by the CHA surfactant. The emulsion was immediately added to 35 mL of 0.5% CHA solution and stirred at 600 rpm for at least 3 h to allow for complete particle hardening. During particle formation, the hydrophilic PEG partitioned to the surface of the emulsion drop, while the relatively hydrophobic PLGA remained in the interior, resulting in particles with a dense PEG coating of approximately 20 PEG chains per 100 nm 2 [43, 44] . The final particle suspension was filtered through a 5 μm and then 0.45 μm syringe filter, then the particles were collected and washed three times via centrifugation at 20,000 g for 25 min. The final suspension in DI water was stored at 4°C. Particles were typically used within 5 days of synthesis, though we found the diameter and ζ-potential of the nanoparticles to be stable for up to 2 weeks when stored at 4°C.
Particle characterization
The diameter and ζ-potential of the nanoparticles were determined by dynamic light scattering and laser Doppler electrophoresis, respectively, using a Zetasizer Nano ZS90 (Malvern Instruments, Southborough, MA). For these measurements, the particles were suspended in 10 mM NaCl at pH 7.4. Transmission electron microscopy (TEM) images of dried particles were taken on standard 400 mesh copper TEM grids (Ted Pella, Redding, CA) with a Hitachi H7600 electron microscope (Hitachi HTA, Clarksburg, MD).
Sample preparation
Fibrin
Fibrin gel was made from defrosted aliquots of thrombin and fibrinogen, both purified from human plasma. Studies of fibrin are frequently performed in vitro with purified fibrinogen and thrombin [33, 34, 45] , and such gels have similar structures and mechanical properties as blood clots [46] , though blood clots retrieved from patients do show patient-to-patient variability [47] . The thrombin solution was first prepared by adding nanoparticles, at concentrations appropriate for MPT and PANDA, to 2.22 U/mL thrombin in PBS. Then, 20 μL of 40 mg/mL fibrinogen was pipetted into 180 μL of the thrombin solution, yielding a 4 mg/mL concentration of fibrinogen and 2 U/mL thrombin [34] . This concentration was chosen for its physiological relevance, as 4 mg/mL is the approximate concentration of fibrinogen in human plasma [45] . Upon adding fibrinogen to thrombin, the mixture was immediately vortexed at high speed for 2 s to homogenize the solution. Then, 30 μL of the solution was immediately pipetted into a 30 μL well on a glass slide and covered with a glass coverslip. The coverslip and chamber were sealed together externally with a cyanoacrylate glue, making sure the glue never contacted the sample inside. The slide was then incubated at 37°C for 20 min to ensure gelation. In all cases, slides were wrapped in aluminum foil to prevent premature exposure to UV light. For particle tracking, the final particle concentration in the gels was~0.0001% by mass, and for PANDA experiments, the final concentration was approximately 0.19% by mass. These same particle concentrations were also used for experiments in water and CF sputum.
Cystic fibrosis sputum (CFS)
Expectorated sputum was collected from adult cystic fibrosis patients at the Johns Hopkins Cystic Fibrosis Center Adult Clinic, under informed consent and in accordance with Johns Hopkins Medicine Institutional Review Board-approved protocols. Half of the patients were male and half were female; their age was 34 ± 10 (mean ± SD). Sputum samples were stored at 4°C until use and were typically analyzed the day after collection. CFS slides were prepared as previously described [36, 37] : 30 μL aliquots of CFS were withdrawn using a Wiretrol (Drummond Scientific Company, Broomall, PA) and dispensed into 30 μL wells on glass slides. Then, 1 μL of nanoparticles suspended in water were added to the sputum aliquot and stirred thoroughly yet gently with a 10 μL plastic pipette tip to mix in the particles without disrupting the structure of the CF sputum. Uniform dispersion of the particles in the sputum was confirmed by the uniformity in fluorescence of the illuminated region upon activation. We note similar sample mixing and preparation techniques have been employed by other researchers studying nanoparticle transport in mucus [17, 24] . Furthermore, previous studies from our group have confirmed that mucus samples subjected to these manipulations retain their expected bulk rheological properties and recapitulate ex vivo the in vivo barrier properties of mucus gels to nanoparticles [35, 37, 48, 49] . After the particles were introduced into the sputum, the slide was sealed with a glass coverslip and then incubated at room temperature for 1-2 h to prevent advection during imaging.
Nanoparticle transport measurements 2.4.1. Multiple particle tracking
Particle tracking in the water, fibrin, and CF sputum samples was performed at room temperature using an inverted widefield epifluorescence microscope (Axio Observer; Carl Zeiss, Thornwood, NY) with a 100×/1.46 NA oil-immersion objective. Movies were collected with 19-ms exposure at 20 fps for 500 frames using an EMCCD camera (Evolve 512; Photometrics, Tucson, AZ). Particle motion was analyzed using custom-written MATLAB particle-tracking software based on the algorithm of Crocker and Grier [14, 50] .
PANDA experiments
Fluorescence perturbation experiments were performed on a Zeiss LSM510 laser scanning confocal microscope (Carl Zeiss, Thornwood, NY). A 20× (Plan Apochromat, 0.75 NA) objective was used for the water and fibrin experiments, while a 63× (Plan Apochromat, 1.4 NA, oil immersion) objective was used for the CF sputum experiments to image the spatial heterogeneity of sputum with high resolution. All images were 512 by 512 pixels. A typical measurement began with collection of five background images. Then, the caged rhodamine encapsulated in the particles within a selected region of the sample was activated ("uncaged") by 5-20 iterations of a 405-nm laser at 100% power (25 mW). The activated region was 40 by 512 pixels for the water and fibrin experiments, corresponding to 35 by 449 μm, and was 60 by 512 pixels for the CF sputum experiments, corresponding to 16.7 by 143 μm. The time-dependent distribution of the fluorescent particles after photoactivation was then imaged every 1.5 s using a 543-nm laser (1 W) at 10-30% power, which excited the activated rhodamine, paired with a 560-615 nm bandpass filter for detection of the emitted fluorescence.
Results and discussion
Characterization of photoactivatable nanoparticles and overview of photoactivatable nanoparticle diffusion assay (PANDA)
We synthesized nanoparticles from poly(lactic-co-glycolic acid) (PLGA) and polyethylene glycol (PEG), two polymers used in FDA-approved products [51] . PLGA, which is biodegradable and has tunable encapsulation and release properties, formed the particle core. PEG, a hydrophilic and uncharged polymer, formed a dense coat on the particle surface. The particles were 160 nm in diameter with PDI 0.09 as determined by dynamic light scattering, had a near-neutral surface charge (Table S1) , and had a spherical morphology as seen by transmission electron microscopy (Fig. 1A) . PEG coatings on nanoparticles greatly reduce their adhesion to biological materials, so that sufficiently small PEG-coated particles can penetrate porous gels and tissues, in contrast to uncoated polymeric particles that are often adhesively immobilized and larger particles that may be sterically immobilized [6, 33, 35, 37, 52, 53] . As an illustration, Fig. S1 displays a comparison of the mobilities of nanoparticles of different sizes and surface coatings in CF sputum obtained with MPT.
To enable particle diffusion measurements, we conjugated photoactivatable ("caged") rhodamine [30] to PLGA incorporated into the particle core. The particles fluoresced only after irreversible uncaging of the rhodamine by a brief exposure to UV or violet light. Macroscopically, particle suspensions in water were milky white before activation (Fig. 1B, left) , but turned pink upon exposure to UV light (Fig. 1B, right) . Microscopically, we photoactivated particles in a defined region of a specimen and observed the diffusion of fluorescent particles from that region over tens of micrometers and tens of minutes, all using laser scanning confocal microscopy, as depicted schematically in Fig. 1C . In conjunction with these PANDA measurements, we also tracked individual photoactivated particles at high spatial and temporal resolution by MPT.
Proof of concept
Both analytical [19, 24, 54, 55] and numerical [56] [57] [58] methods have been used to analyze data from fluorescence perturbation experiments. Here, we employ a numerical approach to analyze the PANDA experiments, which offers two advantages: 1) It allows us to account for the measured initial activation profile, and 2) We obtain the mean squared displacement (MSD) from the PANDA data, which facilitates comparison with MPT data. As a proof of concept, we describe PANDA experiments to obtain the diffusivity D of photoactivated nanoparticles in water from the evolution of the fluorescence intensity. Fig. 2A displays a set of images following photoactivation via 405 nm laser exposure to a 35-μm wide strip-shaped region of the sample, indicated by the red lines in the top image. From a series of such images, we obtain the fluorescence intensity I(x, y, t), where y is the direction parallel to the strip, x is perpendicular to it, and t is the time since photoactivation. For the particle concentrations in our experiments, I(x, y, t) is linearly proportional to the concentration of activated particles c(x, y, t) to good approximation.
To analyze I(x, y, t) in water, we assume spatially homogeneous diffusion. (As discussed below, this assumption must be reconsidered for the biological gels.) Accordingly, we consider the average intensity
, where the sum is over the N pixels along y at fixed x. (In addition to diffusing in x, particles diffuse in y and z. Our averaging is justified because diffusion in each direction is independent of the others. Diffusion in z causes photoactivated particles to exit the focal volume in proportion to their concentration, which affects only the magnitude but not the shape of I(x, y, t). Diffusion in y causes the intensity near the edges at high and low y to decrease over time. However, I(x, y, t) as a function of x at fixed y and t varies with y only in magnitude and has a constant shape.) Fig. 2B shows I(x, t) at the times following photoactivation corresponding to the images in Fig. 2A .
In a liquid like water, where particle mobility is dictated by the fluid's viscosity, the concentration evolves according to the diffusion equation (see ref. [59] ). Thus, for any intensity distribution I(x′, t′) at time t′, the distribution at some later time t is
where G(x − x′; t − t′) is the Gaussian,
That is, the intensity profile at t′ can be mapped onto the profile at t through convolution with a Gaussian of width
). Breakdown of this mapping would indicate non-diffusive motion, which is not expected in water but could occur in other materials. During a typical experiment, fluorescence images were collected for 10-30 min. The intensity profile was calculated for each image, and every profile was mapped onto each future profile through convolution with a Gaussian, as in Eq. (1). The width σ generating the most accurate mapping was determined using a nonlinear least-squares fit. Each mapping constituted a separate, though not strictly statistically independent, measurement of the MSD. Mappings corresponding to the same time interval Δt = t − t ′ were averaged to produce σ 2 (Δt), shown in Fig. 2C , and D was obtained through a linear regression to σ 2 (Δt). For the trial shown in Fig. 2, D Fig. 2D also illustrates the range of the PANDA experiment, which is set primarily by the magnification employed during the fluorescence microscopy measurement. Tuning the magnification between 5× and 100×, we estimate the PANDA technique can characterize nanoparticle displacements from a maximum of approximately 1 mm down to a minimum on the order of 1 μm.
Fibrin
Fibrin forms the scaffolding of blood clots, so measuring the permeability of fibrin gels is important for understanding its role in wound healing and for designing effective thrombolytic agents for ischemic stroke and myocardial infarction. To this end, previous MPT studies [33, 34] have characterized nanoparticle mobility in fibrin gels and have found that polymeric nanoparticles without PEG coatings become uniformly immobilized, whereas PEG-coated particles exhibit bimodal transport, with populations of mobile and immobile particles [33] . To gain a multiscale perspective on fibrin permeability, we have combined PANDA with MPT, asking specifically whether bimodal transport behavior of PEG-coated particles persists over longer, and more physiologically relevant, distances.
Indeed, in PANDA experiments on fibrin gels, we observed that some of the photoactivated nanoparticles could diffuse from the activation region, but others were immobile. This behavior is evident in Fig. 3A , which shows a series of images after photoactivation. The activation region remained bright and demarcated even at long times, indicating a population of localized nanoparticles, while some fluorescence intensity spread steadily outward. Fig. 3B , which depicts I(x, t) corresponding to the images in Fig. 3A , reveals that the concentration profile approximates Gaussian tails outside the activation region but maintains a persistently large value within the region.
To distinguish these mobile and immobile populations in the analysis, we fit an intensity profile I(x, t f ) at a late time t f , to a Gaussian at values of x outside the activation region and extrapolate through the region. The difference between the extrapolated profile and the measured intensities, which we interpret as due to the fluorescence from immobile particles, is assumed to be constant in time and is subtracted from I(x, y, t) for all t. After identifying I(x, y, t) of the mobile fraction in this way, we calculate σ 2 (Δt) of that fraction using the convolution method described above. The result is plotted in Fig. 3C agrees with the MPT results of Spero et al. on fibrin gels of similar composition [34] . As demonstrated above for water, MPT provides high-resolution trajectories of isolated particles over small distances, limited by the focal depth, whereas PANDA reveals transport of an ensemble of particles over longer distances at lower resolution. In conjunction, the two measurements span length scales ranging from tens of nanometers to tens of micrometers. The bright fluorescence of the activated region persisted tens of minutes after photoactivation -even as the mobile particles diffused tens of micrometers from the region. The fluorescence intensity in the activation region appeared mottled at later times (> 1 min) following photoactivation, with brighter and darker domains of characteristic size of several micrometers, as illustrated in Fig. 3D . This spatial heterogeneity in the density of immobile particles provides evidence for the cause of their immobility in the fibrin. In particular, it indicates that the division of nanoparticles into mobile and immobile fractions does not result from variation among the particles in their tendency to adhere to the gel, since one would not expect the particles to be positioned during gel formation in such a correlated fashion based on their surface properties. Furthermore, recent studies have shown that PLGA-PEG nanoparticles synthesized by the same protocol as used here and containing a similar fraction of PEG are densely coated with PEG in a brush conformation and highly resistant to protein adhesion [44] .
Instead, we infer that the heterogeneity in the density of immobile particles reflects mesoscale heterogeneity in the gel microstructure. Indeed, microscopy and light scattering studies on fibrin gels by Ferri and coworkers have shown micrometer-scale domains of higher fiber density interspersed with lower-density regions [60, 61] . We conclude that the pore size of the high-concentration domains is smaller than the particles, such that the particles in these domains are trapped, whereas the particles in the lower-density domains of the gel diffuse freely. Significantly, the unbounded nature of this diffusion observed with PANDA indicates these domains form a percolating network accessible to the nanoparticles, a conclusion that could not be obtained from MPT or other more local probes. It is well established that fibrin gels have a bicontinuous structure that is central to their physiological role, with a network of fibers providing mechanical stiffness, and connected void spaces endowing the gels with permeability to proteins such as proteolytic enzymes for clot degradation [46, 62] . Our results with PEGcoated nanoparticles in a model fibrin gel demonstrate that this permeability over large distances extends to nanoparticles. Our findings hence suggest that adhesion-resistant nanoparticles may be useful for uniform, sustained, local delivery of drugs, such as antimicrobial agents, to wounds [63] .
Cystic fibrosis sputum
Particle-tracking studies have shown densely PEG-coated nanoparticles 200 nm in diameter and smaller can diffuse through cystic fibrosis sputum (CFS) over several micrometers [35, 36] . (As shown in Fig. S1 , uncoated particles of the same size are slowed by adhesion to CFS, and most particles 500 nm and larger are physically trapped.) In human lungs, the mucus barrier can range from several to tens of micrometers thick [40] , so understanding whether therapeutic nanoparticles can traverse tens of micrometers to deliver their cargo to lung cells is important. Further, heterogeneity in nanoparticle mobility in CFS has been seen in MPT studies [36] , and its impact on the longdistance transport relevant to drug delivery is unclear.
To address these issues, we conducted PANDA experiments on fresh sputum samples from four adult CF patients. On a basic level, we observed a significant fraction of nanoparticles diffusively traverse tens of micrometers in the samples from patients 1-3, while particle motion was highly localized in the sputum of patient 4 (Fig. S2) . (Note, a higher magnification was employed in the PANDA measurements on CFS than in the water and fibrin experiments; the length scales probed were thus shorter but well suited to the distance of interest in CFS, which is a few tens of micrometers.) Many of the trials revealed mesoscale heterogeneity in the transport that breaks y-symmetry, wherein the spreading particles made greater progress in certain subregions and even showed pronounced anisotropy in their motion. Fig. 4 shows results from three PANDA trials, one from patient 1 and two from different locations in the sputum from patient 2, illustrating this behavior. Fig. 4A , C, and E show the final images of the three videos, 25 min after photoactivation. Fig. 4B , D, and F show contour plots illustrating the advancing front of fluorescent particles over time in those videos. The figures reveal spatial heterogeneity yet substantial regions of unbounded nanoparticle transport. They also illustrate the variation between patients and between locations within a single patient's sputum sample. As with the studies on fibrin, PANDA experiments hence reveal the underlying mesoscale heterogeneity of CFS and its role in setting permeability. To provide a practical metric for drug delivery, Fig. 4G displays the percentage of particles in the trials shown in Fig. 4A -F that traversed a distance ≥ 25 μm from the activation region as a function of time since activation. This metric reaches 15-25% by 25 min after photoactivation, demonstrating that PEG-coated nanoparticles can travel in CF sputum over physiological distances. Of course, the uneven permeability shown in Fig. 4A -F implies delivery will likely be uneven across regions of the lung. Further study is needed to determine whether smaller particles would exhibit more uniform penetration.
While the vast majority of PANDA trials on CFS showed dramatic heterogeneity as illustrated in Fig. 4 , in a few trials the nanoparticle transport was sufficiently homogeneous to enable analysis like that performed on water. Fig. 5A shows a series of images, and Fig. 5B shows I(x, t) at the same time points, from such a trial from patient 3. As with fibrin, a population of immobilized particles is apparent in Fig. 5 . However, in contrast to the fibrin analysis, in this case the fraction of immobile particles is too small to subtract accurately. Therefore, we apply the convolution method as for water to calculate σ 2 (Δt), which we find is approximately linear in time (Fig. 5D ), a signature of diffusion. The resulting diffusion coefficient, D = 0.44 ± 0.1 μm 2 /s, is about one-sixth that of the same particles in water. In comparison, the bulk viscosity of CF sputum at low shear rates is > 10 4 times that of water, implying the diffusive PLGA-PEG nanoparticles are small enough relative to the mucus mesh that they do not experience the bulk viscosity [35, 64] . Fig. 5C plots σ 2 (Δt) from PANDA alongside the MSDs of individual particles from MPT, also from patient 3. The MPT data shows a broad distribution of MSDs, similar to that seen in previous MPT studies on CFS [35] , that nonetheless is consistent with the best-fit line through the PANDA data. Excluding the localized particles whose MSDs reach a plateau, we find the remaining mobile particles have an ensembleaveraged D = 0.49 ± 0.18 μm 2 /s, in good agreement with the PANDA result. Although this trial from patient 3 was unusual in the relatively homogeneous particle mobility it displayed, we believe this result for the particle diffusivity is indicative of the mobility in the other CFS trials. For instance, approximately 10% of particles in this trial traversed a distance ≥ 25 μm from the activation region after 10 min, a result that is similar to those in the trials shown in Fig. 4G . (See Fig. S3 .) Overall, using PANDA, we have observed that our PEG-coated PLGA nanoparticles, with diameter < 200 nm, were typically capable of diffusing through distances of ten or more micrometers in CF sputum. While previous work with MPT has demonstrated particle mobility on shorter length scales [35, 37, 43, 44] , nanoparticle diffusion in human mucus over longer, physiologically important distances at rates needed for drug delivery was not previously observed. In particular, our conclusions contrast with those of Kirch et al. [17] , who studied transport of PEG-coated nanoparticles in horse pulmonary mucus ex vivo by particle tracking and by observing permeation of magnetic particles through gel-filled capillaries in a magnetic field. They reported that a fraction of particles could penetrate the mucus over short distances probed by particle tracking; however, no particles penetrated the millimeter-scale distances of the capillary permeation technique. A future study that investigates this system using PANDA would help clarify the source of this discrepancy [65] . Likewise, our conclusions differ from those of Ernst et al., who recently argued that 200 nm diameter particles cannot passively diffuse through a mucus layer over physiological times and distances [66] . Ernst et al. arrived at their conclusion by developing a mathematical model and fitting it to MPT data, further highlighting the importance of actual measurements, such as using PANDA, that probe longer time and length scales. The results from our ex vivo experiments indicate PLGA-PEG particles are capable of overcoming the mucosal barrier in the human lung for improved retention, distribution, and ultimately efficacy.
Conclusion
We have demonstrated a novel microscopy method, based on photoactivatable fluorescent nanoparticles, for measuring nanoparticle diffusion in biological gels. By examining the fluorescence distribution after photoactivation, and by tracking individual particles, we have ascertained that PEG-coated particles with diameters < 200 nm are capable of permeating adhesive fibrin gels and cystic fibrosis patient sputum at multiple length scales relevant to drug delivery. In fibrin, we found that PLGA-PEG particle transport was bimodal, with populations of mobile and immobile particles at all scales. In CF sputum, we observed spatially heterogeneous particle diffusion that nevertheless typically led to unbounded transport exceeding 10 μm.
A main objective of this work has been to assess whether shortdistance diffusion measurements from MPT agree with longer-distance diffusion measurements. This is a crucial question because complex fluids and gels can have distinct, non-uniform microscopic domains, so measurements at one length scale may not accurately predict behavior at other length scales [18] . Importantly, the PANDA technique has allowed us to conclude that, for both fibrin and CF sputum, the nanoparticle mobility behavior observed with MPT at the single micrometer length scale qualitatively agrees with transport behavior at the physiologically important length scales of tens of micrometers. This agreement is demonstrated by the fit lines running through the MPT and PANDA data in Figs. 3C and 5C. Our results thus show that -from the perspective of the 160 nm diameter PLGA-PEG particles used herethe porous microdomains of these gels are interconnected, allowing particles to percolate over long length scales. This finding is critical for workers in the field of nanomedicine who have designed mucosal drug delivery systems based on observations of rapid diffusion in MPT experiments.
However, we predict that in other scenarios, the results from MPT and PANDA will diverge, revealing length-scale-dependent mobility. A first test of this hypothesis would be to probe the same materials studied in this paper -or other physically or chemically crosslinked gelswith larger particles. Particles whose diameters are closer in size to the average mesh size of the fibrin or CFS gel network may diffuse locally, but ultimately be unable to percolate through the network [33] . MPT would show particle mobility over short distances, but PANDA would reveal that these larger particles are unable to traverse distances of tens of micrometers. A second system to test, with important implications for nanomedicine, would be solid tumors. Interstitial transport of nanoparticles in tumors is primarily determined by collagen content; tumors are highly heterogeneous, with some regions collagen-rich and others collagen-poor [2] . MPT may show rapid nanoparticle transport in the collagen-poor domains, while PANDA would elucidate whether those domains are sufficiently interconnected to allow longer lengthscale permeability. We also anticipate that in some experimental systems, PANDA may reveal anomalous subdiffusion due to transient trapping, tortuosity, or weak binding of the nanoparticle to the medium [67] . For instance, anomalous subdiffusion of dextrans in the extracellular space of rodent brain slices has been recently reported [68] ; it remains to be determined whether nanoparticles display similar behavior, which would have implications for drug delivery to the brain [6] .
In conclusion, PANDA is a potentially powerful technique for nanomedicine research because it bridges the gap between MPT experiments and in vivo experiments. MPT experiments are straightforward, quantitative, and can often be conducted on specimens from human patients, but only provide data over short length scales. In vivo animal experiments are difficult and less quantitative but necessary for assessing biodistribution en route to clinical translation. The complementary information from PANDA and MPT will allow further refinement of nanoparticle formulations and characterization of their ability to overcome drug delivery barriers in vitro, prior to proceeding with in vivo experiments. In particular, as the results on fibrin gels and cystic fibrosis sputum described above illustrate, the spatial range and resolution of the PANDA technique are especially well matched for characterizing mesoscale heterogeneity in permeability, which is a key property of many biological gels, but is inaccessible to MPT alone.
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